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ABSTRACT
We study the mid-infrared (IR) excess emission of early-type galaxies (ETGs) on
the red-sequence at z < 1 using a spectroscopic sample of galaxies in the fields of
Great Observatories Origins Deep Survey (GOODS). In the mass-limited sample of
1025 galaxies with Mstar > 10
10.5 M⊙ and 0.4 < z < 1.05, we identify 696 Spitzer 24
µm detected (above the 5σ) galaxies and find them to have a wide range of NUV-r and
r-[12 µm] colors despite their red optical u−r colors. Even in the sample of very massive
ETGs on the red sequence withMstar > 10
11.2 M⊙, more than 18% show excess emission
over the photospheric emission in the mid-IR. The combination with the results of red
ETGs in the local universe suggests that the recent star formation is not rare among
quiescent, red ETGs at least out to z ∼ 1 if the mid-IR excess emission results from
intermediate-age stars or/and from low-level ongoing star formation. Our color−color
diagram including near-UV and mid-IR emissions are efficient not only for identifying
ETGs with recent star formation, but also for distinguishing quiescent galaxies from
dusty star-forming galaxies.
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1. INTRODUCTION
Galaxies in the local universe show a bimodal distribution in the optical color-magnitude
diagram. Quiescent, early-type galaxies (ETGs) populate a narrow red sequence and star-forming,
late-type galaxies form a big blue cloud (Strateva et al. 2001; Blanton et al. 2003; Baldry et al.
2004; Balogh et al. 2004; Choi et al. 2007 and references therein). This bimodality extends out to
at least z ∼ 1 (Im et al. 2002; Bell et al. 2004; Willmer et al. 2006; Fritz et al. 2014). However,
the formation and evolution of the red sequence is still not fully understood (Faber et al. 2007;
Tinker et al. 2013). One of key populations to address this issue is a transition population that
may be in a transition phase migrating into entirely quiescent ellipticals. In this paper we explore
what fraction of red ETGs is in the transition phase and how this fraction evolves since z ∼ 1;
this provides important constraints on the evolution models for red sequence, especially for massive
ETGs.
Current galaxy formation models suggest that massive galaxies form most their stars early
(z > 2; Cowie et al. 1996; Dekel et al. 2009) and are morphologically transformed from spirals
into spheroids via major mergers (Khochfar & Silk 2006; Hopkins et al. 2010). Thus, most massive
quiescent galaxies are already in place at z ∼ 1 (Ilbert et al. 2010, 2013; Moustakas et al. 2013),
and ETGs are dominant populations for massive galaxies since z ∼ 1 (Buitrago et al. 2013). Many
observations also support that minor (dry) merging is the most likely process to form massive red
ETGs at z < 1 because the gas-rich merger rate, important for ETG formation, declines very
rapidly since z ∼ 1 and their stellar mass growth is very limited since z ∼ 1 (e.g., Cimatti et al.
2006; Ilbert et al. 2010; Moustakas et al. 2013). The minor merger scenario also seems to be one
of the most efficient ways to explain a strong size evolution of massive red ETGs at least from z ∼
1 (Hopkins et al. 2006; Naab, Johansson & Ostriker 2009; Newman et al. 2012; Huertas-Company
et al. 2013; Damjanov et al. 2014).
Faber et al. (2007) proposed a ‘mixed’ scenario to explain the formation of red ETGs in which
star formation of blue galaxies is quenched (i.e., shutting off the gas supply) and subsequently
they merge further through a series of dry mergers along the red sequence. Recent studies show
that all the red-sequence galaxies are not completely quiescent: red ETGs with signs of recent
star formation (e.g., Yi et al. 2005; Bressan et al. 2006; Schawinski et al. 2007; Clemens et
al. 2009; Ko et al. 2009, 2012, 2013; Lee et al. 2010; Vega et al. 2010; Salim et al. 2012);
late-type, dust-reddened galaxies with (or without) low-level ongoing star formation (e.g., Im et
al. 2002; Wolf, Gray & Meisenheimer 2005; Bamford et al. 2009; Gallazzi et al. 2009; Wolf et al.
2009; Masters et al. 2010; Ko et al. 2012). These galaxies in the transition phase can be easily
identified if the red-sequence galaxies are examined at different wavelengths. The near-ultraviolet
(UV) observations reveal a diversity of ETGs depending on the amount of recent (6 1Gyr) star
formation (e.g., Ferreras & Silk 2000; Kaviraj et al. 2007b). The mid-infrared (IR) observations
also show that a significant fraction of ETGs has excess emission over the photospheric emission
(e.g., Bressan et al. 2006; Clemens et al. 2009; Ko et al. 2009, 2012, 2013; Shim et al. 2011; Hwang
et al. 2012a).
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Ko et al. (2013) studied the recent star formation history of local ETGs on the red sequence in
the Sloan Digital Sky Survey (SDSS; York et al. 2000). We found that among the 648 quiescent red
galaxies, 55% show mid-IR excess emission over the stellar component. The mid-IR emission seems
to mainly originate from the circumstellar dust around asymptotic giant branch (AGB) stars; we
excluded the galaxies with active galactic nuclei (AGNs), Hα emission, and highly inclined disks.
If we consider only bright (Mr < −21.5) early-type galaxies, the fraction of red galaxies with
recent star formation is still 39%. We concluded that the recent star formation is common among
nearby quiescent, red, early-type galaxies. This is consistent with the results based on the Galaxy
Evolution Explorer (GALEX; Martin et al. 2005) that residual star formation is common even for
bright early-type galaxies (Yi et al. 2005; Schawinski et al. 2007; Kaviraj et al. 2007b; Salim &
Rich 2010).
In this study, we use galaxies at z < 1 in the fields of Great Observatories Origins Deep Survey
(GOODS; Dickinson et al. 2003; Giavalisco et al. 2004) to investigate the mid-IR excess emission of
massive ETGs on the red sequence, which is a good indicator of current and/or recent star formation
activity (∼1−2 Gyrs; Salim et al. 2009; Ko et al. 2013). Merger (minor) events are speculated to
be common at high redshift among ETGs, and such events involving gaseous companion galaxies
would produce signs of recent star formation that can be best caught in the mid-IR. By studying
red ETGs at z < 1, we can test what fraction of them is in the transition phase. Section 2 describes
the observational data we use. We examine the near-UV and mid-IR properties of red ETGs in
Section 3, and conclude in Section 4. Throughout, we use the AB magnitude system, and adopt
flat ΛCDM cosmological parameters: H0 = 70 km s
−1 Mpc−1, ΩΛ = 0.7 and Ωm = 0.3. We also
assume a Salpeter initial mass function (Salpeter 1955) for stellar masses and star formation rates
(SFR).
2. THE DATA AND THE SAMPLE
2.1. GOODS Sample
We use a sample of galaxies with spectroscopic redshifts in GOODS. This sample is originally
constructed in Elbaz et al. (2011) and Hwang et al. (2011), and here we only give a brief summary
of the data set (see also Cervantes-Sodi et al. 2012).
2.1.1. Multiwavelength Catalog of Galaxies with Spectroscopic Redshifts
GOODS is a deep multiwavelength survey covering two regions including the Hubble Deep
Field North and the Chandra Deep Field South. Hereafter, we call the two GOODS fields centered
on HDF-N and CDF-S GOODS-N and GOODS-S, respectively. The combined area of the two
fields is approximately 320 arcmin2.
– 4 –
Elbaz et al. (2011) made a band-merged catalog of GOODS galaxies using the photometric
data at HST ACS BV iz, Spitzer IRAC 3.6, 4.5, 5.8, 8 µm, IRS peakup array 16 µm (Teplitz et al.
2011), and MIPS 24 µm (Magnelli et al. 2011).
Among the sources in the band-merged catalog, we use only 3630 and 3542 galaxies with
reliable spectroscopic redshifts over the entire fields of GOODS-N (Cohen et al. 2000; Cowie et al.
2004; Wirth et al. 2004; Reddy et al. 2006; Barger et al. 2008; Cooper et al. 2011) and GOODS-S
(Szokoly et al. 2004; Le Fe`vre et al. 2004; Mignoli et al. 2005; Vanzella et al. 2006, 2007, 2008;
Ravikumar et al. 2007; Popesso et al. 2009; Kurk et al. 2009; Balestra et al. 2010; Silverman et
al. 2010; Xia et al. 2011; Cooper et al. 2012) respectively; a typical redshift error is 4× 10−4.
2.1.2. Clean Index for 24 µm Detected Galaxies
The 24 µm flux densities and their associated errors are determined using a PSF fitting tech-
nique (Magnelli et al. 2011; Elbaz et al. 2011). Because of large PSF size at MIPS 24 µm sources
(FWHM∼ 5.7′′), they use the position of the IRAC 3.6 µm sources as priors for the source extrac-
tion at 24 µm image. The advantage of this method is that it can deal with a large part of the
blending issues in dense fields, and that it can provide a straightforward association of sources at
different wavelengths. This method works well in general. However, there could be some galaxies
in crowded regions whose flux densities are not properly deblended. To deal with these sources
separately, we compute the level of contamination for each galaxy (C), defined by
C =
∑
i
Sν,i(neib)e
−r2
i,neib
/(2σ2)
Sν(target)
, (1)
where Sν,i(neib) and Sν(target) is the flux density of neighboring source and of target, respec-
tively (see also Elbaz et al. 2010; Hwang et al. 2010a). ri,neib is the projected distance between the
target and neighbor source, and σ = FWHM/(2
√
2ln2). We use Sν at 3.6 µm, and FWHM at 24
µm. We use neighboring sources detected at 3.6 µm image with ri,neib < FWHM24µm. Note that
the neighboring sources are from the photometric catalog regardless of their redshifts. For ease
of computation, we require the neighboring sources to be bright enough to contaminate the flux
density of target galaxy (i.e., Sneib > 0.1Starget). Figure 1 shows this level of contamination of the
galaxies with spectroscopic redshifts as a function of 24 µm flux density. As expected, most galaxies
are distributed around C = 0; there are some galaxies with high C (i.e., might be contaminated).
We call the galaxies with C ≤ 0.4 “clean” (93%) and those with C > 0.4 “blended”. In other
words, flux densities of clean galaxies are contaminated less than 40%, comparable to the typical
error (40%) of total IR luminosity derived from 24 µm flux density (Elbaz et al. 2010).
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Fig. 1.— Level of contamination of flux densities by neighbor objects for the GOODS galaxies with
spectroscopic redshifts as a function of 24 µm flux density (a), and its histogram (b).
2.1.3. Mass-limited Sample at 0.4 < z < 1.05
Figure 2 shows stellar masses of GOODS galaxies as a function of redshift. We adopt the stellar
mass estimates from Elbaz et al. (2011). Stellar masses were computed using the photometric data
from the U band to IRAC 4.5 µm using the code Z-PEG (Fioc & Rocca-Volmerange 1999). The
templates used for the stellar mass estimates are from a galaxy evolution model PE´GASE.2 (Le
Borgne & Rocca-Volmerange 2002). The typical error associated with the stellar mass estimate is
0.3 dex (see Elbaz et al. 2011 for details).
We define a mass-limited sample of galaxies with Mstar ≥ 1010.5 M⊙ and 0.4 ≤ z ≤ 1.05
(enclosed by red solid lines in Figure 2) for further analysis. We use the mass limit of 1010.5 M⊙
so that we can have a fair comparison with local ETGs (see Section 2.2). There are 1025 galaxies
in this sample on the MIPS field, containing 654 and 371 galaxies for GOODS-N and GOODS-S,
respectively.
The lower panel of Figure 2 shows total IR luminosities, LIR, as a function of redshift for 24
µm detected galaxies. We compute the total IR luminosity (LIR) from the 24 µm flux density
using the SED templates of Chary & Elbaz (2001). Elbaz et al. (2010) found that IR luminosities
from the 24 µm flux densities agree well with those from Herschel PACS and SPIRE far-IR data,
with a dispersion < 0.15 dex. They also found that extrapolations from 24 µm measurements work
well up to z ∼ 1.3. The Spitzer 24 µm detection limit (∼30 µJy, 5σ; Magnelli et al. 2009) in
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Fig. 2.— Upper: Stellar mass vs. redshift for the spectroscopic sample of galaxies with Spitzer
24 µm observation in the GOODS-N and -S (black dots). Blue filled circles indicate galaxies with
24 µm detection (S/N ≥ 5), and red filled squares indicate 24 µm detected, morphologically (see
Section 2.1.4.) early-type galaxies. Solid lines define a mass-limited sample with Mstar > 10
10.5
M⊙ and 0.4 ≤ z ≤ 1.05. Lower: IR luminosity vs. redshift for 24 µm detected galaxies (blue
filled circles are the same as above). Red filled circles and crosses denote “clean” and “blended”
24 µm detected, early-type galaxies in the mass-limited sample, respectively. The right axis is the
SFR converted from the IR luminosity using the relation in Kennicutt (1998): SFR (M⊙yr
−1) =
1.72×10−10 LIR/L⊙.
both GOODS fields is quite flat at 0.4 ≤ z ≤ 1.0, and corresponds to LIR ∼ 2× 1010 L⊙. This is
comparable to a SFR of ∼3.4 M⊙yr−1 using the Kennicutt (1998) relation.
We compute the rest-frame r-band absolute magnitudes (Mr), and the rest-frame (NUV−r),
(u − r), and r−[12 µm] colors using the LePhare code (Arnouts et al. 1999; Ilbert et al. 2006).
We use all the data available from HST ACS B to Spitzer 24 µm for the SED fit. We use the SED
templates generated with BC03 model (Bruzual & Charlot 2003) by assuming an exponentially
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declining star formation history SFR ∝ e−t/τ (τ between 0.1 Gyr to 30 Gyr). The SEDs were
generated for a grid of 44 ages (0.1 Gyr to 13.5 Gyr) and three different metallicities (Z=0.02,
0.008, and 0.004), and dust extinction was added using the formula of Calzetti et al. (2000) for
EB−V between 0 to 0.5. For IR galaxy SEDs, we use Chary & Elbaz (2001) for 16 and 24 µm
flux densities. As a sanity check, we also compute r−[12 µm] using the SED templates of Assef et
al. (2010) for all the photometric data. The r−[12 µm] colors from these two methods agree with
a dispersion < 0.2 mag, much smaller than the spread of r−[12 µm] colors of ETGs on the red
sequence (see Fig. 6).
2.1.4. Early-type Galaxies on the Red Sequence
Because we are interested in the mid-IR activity of early-type galaxies, we need to identify
morphologically early-type galaxies in the mass-limited sample of galaxies in Figure 2. To do that,
we adopt galaxy morphology data from Hwang & Park (2009) and Hwang et al. (2011) that is
based on the visual inspection of ACS BV iz images. We classify the galaxies into two groups:
early types (E/S0) and late types (S/Irr). Early-type galaxies are those with little fluctuation in
the surface brightness and color and with good symmetry, but late-type galaxies show internal
structures and/or color variations in the pseudocolor images. This classification agrees very well
(> 98%) with those of Bundy et al. (2005) who also performed a visual morphological classification
for GOODS galaxies. We perform additional visual classification for the galaxies in the mass-limited
sample of galaxies that are not included in Hwang & Park (2009) and Hwang et al. (2011). We
also verify the morphological classification of the galaxies covered by the Cosmic Assembly Near-
Infrared Dark Energy Legacy Survey with the NIR HST Wide Field Camera 3 images (Grogin et
al. 2011; Koekemoer et al. 2011). Figure 3 shows examples of HST zH and Spitzer 24 µm cutout
images for early-type galaxies in GOODS-N and -S. From top to bottom, they are those without
24 µm detection in GOODS-N and -S, those with 24 µm detection in GOODS-N and -S, and those
with 24 µm detection but blended in GOODS-N and -S.
We use rest-frame u− r color versus r-band absolute magnitude (Mr) to identify red-sequence
galaxies at z < 1. In Figure 4, we show the distribution of rest-frame u − r color against Mr
in three redshift bins. Solid lines indicate a fit to the color-magnitude relation (CMR) for red-
sequence galaxies with −0.08 that is derived from local SDSS galaxies (Ko et al. 2013; see Figure
4 therein). This slope is similar to SDSS luminous red galaxies (Baldry et al. 2004). This slope
is also compatible with the slope of −0.07 (the standard deviation of residuals to the fit of ∼0.2
mag) derived from GOODS ETGs with Mr < −21 and 0.4 ≤ z ≤ 1.05. The red-sequence galaxies
become redder by ∼0.1 mag from the highest redshift bin to the lowest redshift bin. Dashed lines
indicate the color cut adopted in this study to separate red and blue galaxies. The CMR is moved
to blueward of the linear fit by 0.25 mag to define the color cut. The amount of offset (i.e. 0.25
mag) is a standard deviation from a fit to the histogram of u − r colors for massive (Mstar >
1010.5M⊙) galaxies regardless of 24 µm detection at 0.4 ≤ z ≤ 1.05.
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Fig. 3.— Example HST zH and Spitzer 24 µm cutout images (12′′ × 12′′) for early-
type galaxies. From top to bottom: those without 24 µm detection in GOODS-N
(J123624.393+621454.21) and in GOODS-S (J0333235.024−275405.22), those with 24 µm de-
tection in GOODS-N (J123646.343+621404.72) and in GOODS-S (J033245.570−274936.15), and
those with 24 µm detection but blended in GOODS-N (J123637.743+621607.57) and in GOODS-S
(J033246.009−274512.66). Because there are no blended, 24 µm detected (S/N > 5) galaxies with
HST H-band images in the mass-limited sample, in the bottom panels, we plot the galaxies with
S/N < 5 at 24 µm or Mstar < 10
10.5M⊙.
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In the result, in the mass-limited sample of 1025 galaxies (defined in Fig. 2; 32% are ETGs)
68% (696) is detected at 24 µm (blue small circles in Fig. 4). Among the 696 24 µm detected
galaxies, 82 galaxies are ETGs (12%, red filled circles in Fig. 4) that we use for the following
analysis. Among the 82 ETGs, 85% (70) are on the red sequence. Note that there are only five
galaxies out of 82 ETGs flagged as “blended” (crosses in Fig. 2); their 24 µm flux densities could
be overestimated.
To remove the contribution of dust heated by AGN, we identify AGN-host galaxies using
Spitzer IRAC data (e.g., Lacy et al. 2004; Stern et al. 2005; Assef et al. 2010; Jarrett et al. 2011;
Lee et al. 2012). There are only four galaxies that satisfy the AGN selection criteria of Stern et al.
(2005), thus AGN contamination is negligible in the following analysis.
2.2. SDSS Sample
To compare the results of GOODS galaxies at high redshift with those in the local universe, we
use the spectroscopic sample of galaxies in the SDSS Data Release 7 (DR7, Abazajian et al. 2009).
We also use a photometric sample of SDSS galaxies whose redshift information is not available in
the SDSS database, but available in the literature (Hwang et al. 2010b). The stellar mass estimates
are from MPA/JHU DR7 value-added galaxy catalog (VAGC7); these are computed using SDSS
five-band photometric data with the model of Bruzual & Charlot (2003) (Kauffmann et al. 2003;
Gallazzi et al. 2005). We adopt galaxy morphology data from the Korea Institute for Advanced
Study (KIAS) DR7 VAGC8 (Choi et al. 2010); these are divided into two morphological types, the
same criteria as for GOODS galaxies.
We identify the mid-IR counterparts of the SDSS galaxies in the Wide-field Infrared Survey
Explorer (WISE) source catalog (see Ko et al. 2013 for details). Figure 5 shows stellar masses (a)
and total IR luminosities (b) of these SDSS galaxies with WISE 22 µm detection as a function of
redshift. We define a mass-limited sample at 0.04 ≤ z ≤ 0.11 and Mstar > 1010.5 M⊙, the same
mass limit as for GOODS galaxies. By adopting a method similar to the one applied to GOODS
galaxies, we compute the IR luminosities for the SDSS galaxies from the 22 µm flux densities.
The SFRs converted from these 22 µm-derived IR luminosities are consistent with those based on
optical emission lines (Hwang et al. 2012a,b; Lee et al. 2013). The dashed line in Figure 5(b)
represents ∼2 × 1010 L⊙, corresponding to ∼3.4 M⊙yr−1.
7http://www.mpa-garching.mpg.de/SDSS/DR7/
8http://astro.kias.re.kr/vagc/dr7/
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Fig. 4.— Rest-frame u − r colors vs. r-band absolute magnitudes for the spectroscopic sample
of GOODS galaxies with Mstar > 10
10.5 M⊙ (definded in Fig. 2; gray dots). Blue filled circles
represent the galaxies with 24 µm detection. Red filled and open circles show “clean” red and
blue ETGs with 24 µm detection, respectively. Solid lines are the best-fits of the color-magnitude
relation for red-sequence galaxies with a fixed slope of −0.08. Dashed line indicates a cut for
selecting red-sequence galaxies, moved from the best-fit color-magnitude relation to a bluer color
by 0.25 mag. Slant dotted lines at faint ends indicate a limiting magnitude for the spectroscopic
sample, iF775W ≤ 23.5. The right panels show the distribution of rest-frame u − r color for each
sample in the left panels. Yellow curves are the best-fit Gaussians (σ of 0.25 and center of 2.15) to
the histograms of the galaxies with Mstar > 10
10.5 M⊙ and 0.4 ≤ z ≤ 1.05.
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Fig. 5.— Upper: Same as Fig. 2(a), but for SDSS galaxies. Blue dots denote WISE 22 µm
detected galaxies with S/Ns ≥ 5, and red filled squares indicate 22 µm detected, morphologically
ETGs (only 10% of galaxies randomly selected in the total sample are shown). Solid lines define
the mass-limited sample at 0.04 ≤ z ≤ 0.11 andMstar > 1010.5 M⊙. Lower: Same as Fig. 2(b), but
for SDSS galaxies. Red filled circles indicate WISE 22 µm detected, ETGs in the mass-limited
sample. The right axis is the SFR converted from the IR luminosity using the relation in Kennicutt
(1998): SFR (M⊙yr
−1) = 1.72×10−10 LIR/L⊙.
3. RESULTS AND DISCUSSION
3.1. Near-UV and Mid-IR Excess emissions of Red Early-type Galaxies
Here we examine near-UV and mid-IR emissions of red ETGs in GOODS. We first show how
local galaxies and SED templates populate in near-UV/optical/mid-IR color domain (Section 3.1.1),
and then discuss how high-z GOODS galaxies are distributed in this domain (Section 3.1.2).
– 12 –
Fig. 6.— Rest-frame r−[12 µm] vs. NUV−r colors for Spitzer 24 µm detected GOODS red ETGs
with Mstar(M⊙) > 10
10.5 (large filled circles color-coded by their redshifts). Dotted line indicates
the upper limit for Spitzer 24 µm flux densities (5σ). Large open circles represent Herschel PACS-
100 µm detection (above the 3σ limit). For comparison, gray dots indicate WISE 12 µm detected
quiescent, red ETGs with Mstar(M⊙) > 10
10.5 and 0.04 ≤ z ≤ 0.11 (Ko et al. 2013). We show the
extinction-free rest-frame colors of the SWIRE templates of Polletta et al. (2007) including three
ellipticals (2, 5, and 13 Gyr), seven spirals (S0, Sa, Sb, Sc, Sd, Sdm, and Spi4), and two starbursts
(M82 and Arp220). We also plot the SSP AGB models (Piovan et al. 2003) along mean stellar ages
(1, 2, 5, and 13 Gyr) for 40% solar metallicity (Z=0.008). Open and hatched histograms denote
rest-frame r−[12 µm] (b) and NUV−r (c) colors for Spitzer 24 µm detected massive (Mstar(M⊙)
> 1010.5) galaxies and red ETGs, respectively.
3.1.1. At Low Redshifts: SDSS Galaxies
The optical CMR is commonly used to separate red ETGs from blue late-type galaxies out to z
∼ 1 (e.g., Kodama et al. 1999; Bell et al. 2004; Faber et al. 2007). However, many studies revealed
that nearby, red ETGs show a large scatter in the near-UV−optical color-magnitude diagrams
with signs of recent (≤ 1 Gyr) star formation. Furthermore, Ko et al. (2013) showed that a half
of nearby, bright, red ETGs with WISE 12 µm detection show mid-IR excess emission over the
stellar component. The mid-IR emission can have much larger contribution from intermediate-age
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Fig. 7.— Two component SSP model r−[12 µm] colors are composed of young populations (0.3, 1.0
and 2.0 Gyr) with fractions of 1, 5, 10 and 50%, and an old (10 Gyr) underlying population with
a solar metallicity. r−[12 µm] colors of the SWIRE templates E5, S0 and Sa are also overplotted
with blue arrows. Vertical solid and dashed lines in all panels represent the medain value and its
standard deviation of local red ETGs withMstar(M⊙) > 10
10.5 (gray dots in Figure 6), respectively.
In the middle panel (b), upward arrow and gray hatched () represent the median value and its
standard deviation of early-type E+A galaxies with Mstar(M⊙) > 10
10.5 from Choi et al. (2009),
respectively. Orange hatched (upslopeupslope) in all panels indicate the region of quiescent red ETGs with
mid-IR excess defined in Section 3.2.1.
stars than from young stars (Salim et al. 2009; Kelson & Holden 2010; Donoso et al. 2012), and can
give us an unobscured view of the star formation activity. We found that most quiescent (without
optical emission lines) red ETGs with near-UV excess show mid-IR excess emission, while less
than 50% of red ETGs with mid-IR excess show near-UV excess emission (Ko et al. 2013). These
support the idea that the mid-IR emission is sensitive to star formation with longer timescales (>
1 Gyr) than near-UV emission.
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In Figure 6(a), gray dots indicate WISE 12 µm detected local (0.04 ≤ z ≤ 0.11) red ETGs
with Mstar > 10
10.5 M⊙ (Ko et al. 2013). In this local sample, we exclude galaxies with Hα
emission, AGN features, and highly inclined disks. For reference, we show the extinction-free rest-
frame colors of the SWIRE templates of Polletta et al. (2007) including three ellipticals (2, 5, 13
Gyr), seven spirals (S0, Sa, Sb, Sc, Sd, Sdm, Spi4), and two starbursts (M82, Arp220). These
templates are generated with the GRASIL code (Silva et al. 1998) in which the effects of dusty
envelopes around AGB stars are taken into account by adopting the procedure of Bressan et al.
(1998). We also overplot the predictions from Single Stellar Population (SSP) models that include
the emission from circumstellar dust around AGB stars (solid line; Piovan et al. 2003), along mean
stellar ages (1, 2, 5, and 13 Gyr) for 40% solar metallicity. Although two models predict r−[12 µm]
colors differently, Ko et al. (2013) showed that redder r−[12 µm] colors (mid-IR excess) and bluer
NUV−r colors (near-UV excess) of local red ETGs seem to be consistent with the two-component
SSP model predictions.
To roughly estimate a contribution of young populations to these mid-IR detected red ETGs,
we plot a stellar mass fraction of young populations as a function of r−[12 µm] colors in Figure
7. We use two-component SSP models; we assume that an old underlying population (10 Gyr; an
instantaneous burst of star formation at z ∼ 3) with a solar metallicity and young populations
(0.3, 1.0 and 2 Gyr) with fractions of 1, 5, 10 and 50%. For comparison, we also mark r−[12 µm]
colors of the SWIRE templates of E5, S0 and Sa with arrows. Vertical solid and dashed lines in all
panels represent the medain value and its standard deviation of local red ETGs with Mstar(M⊙)
> 1010.5 (gray dots in Figure 6), respectively. The r−[12 µm] color of E5 template corresponds
to the median value of local red ETGs and the color of Sa template roughly coincides with an
sSFR cut (log sSFR = −10.7) to separate quiescent galaxies from star-forming ones (see Section
3.2.1 for details). Orange hatched regions in all panels indicate quiescent red ETGs with mid-IR
excess defined in Section 3.2.1. This shows that only ∼1% of 0.3 Gyr, ∼5% of 1 Gyr, and ∼10%
of 2 Gyr young populations can change r−[12 µm] colors to move the galaxies into the mid-IR
excess region, indicating that mid-IR is likely to trace star formation over longer (up to ∼2 Gyr)
timescales. It should be noted that more than 10% of 0.3 Gyr make u − r color bluer than our
red sequence selection criterion, thus only < 5% with dust extinction can explain the r−[12 µm]
color distribution of our local red ETGs. For comparison, the median value of r−[12 µm] colors
for local E+A galaxies (sign of recent starburst within ∼1 Gyr) from Choi et al. (2009) is shown
in the middle panel of Figure 7. Among the E+A sample, we use only morphologically early-type
galaxies withMstar(M⊙) > 10
10.5. At least 10% and more than 50% of 1 Gyr populations with dust
extinction can produce the color distribution of post-starburst systems, consistent with previous
results (e.g., Kaviraj et al. 2007a).
– 15 –
3.1.2. At High Redshifts: GOODS Galaxies
In Figure 6(a), we also plot 24 µm detected, GOODS red ETGs at 0.4 ≤ z ≤ 1.05 and
Mstar(M⊙) > 10
10.5 (large circles). The upper limit of r−[12 µm] colors from the 24 µm detection
limit (< 5σ) is indicated with vertical dotted line and arrow (i.e. r−[12 µm] < 1.5) 9. We also
mark the galaxies detected (> 3σ) at Herschel 100 µm band with large open circles.
GOODS red ETGs are expected to be around 3 Gyr SSP model if we assume that they are
single-burst stellar populations formed at z = 3 so that their age is ∼ 3 Gyr at z = 1. The 24 µm
undetected galaxies have r−[12 µm] < 1.5, suggesting that they have an old (3 Gyr) underlying
population with young and intermediate-age (≤ 2 Gyr) populations. Most of these 24 µm unde-
tected galaxies are ETGs (76%, 250 out of 329), and are on the red sequence (see right panels of
Fig. 4). However, we note that red ETGs with r−[12 µm] > 0 seem to be dust-reddened or/and
have low-level ongoing star formation because two-component SSPs can not make their red colors
(see Fig. 7).
On the other hand, more than half of 24 µm detected GOODS red ETGs have r−[12 µm]
> 1. Their colors are consistent with Spiral galaxy templates with dust extinction. Considering
that Sc is more actively forming stars than Sa, their optical red colors suggest that Sa galaxies are
weakly forming stars, not enough to change their integrated optical colors (similar to red spirals in
Galaxy Zoo of Masters et al. 2010 and to optically passive spirals in Wolf et al. 2009). However,
Sc galaxies are normal star-forming galaxies, but suffer from heavy dust extinction. Because our
morphology classification is not sensitive to separate Sa from E/S0, there could be some Sa galaxies
classified as ETGs in this study. Interestingly, about 41% (14/34) of galaxies with r−[12 µm] >
1.5 are detected at PACS 100 µm, suggesting that some of 24 µm detected, red ETGs are currently
forming stars despite their early-type morphology (see Fukugita et al. 2004; Lee et al. 2006, 2010;
Skibba et al. 2011; Hwang et al. 2012a; Ko et al. 2012; Martini et al. 2013).
In summary, while most GOODS ETGs remain red in the u− r colors, they show a wide range
of NUV−r colors (i.e., near-UV excess), indicating that a large fraction of red ETGs at z < 1.0 have
experienced star formation within ∼1 Gyr or/and are undergoing low-level star formation. This is
because the near-UV emission from young massive stars is more sensitive to recent star formation
than the blue-band optical emission even though the contribution of young massive stars to the
total stellar mass is only 1%−3% (Kaviraj et al. 2007b). Similarly, a wide range of r−[12 µm]
colors seems to show a variety of mid-IR emission for GOODS red ETGs. Here the mid-IR excess
emission of galaxies may attribute to intermediate-age stars (i.e., sensitive to star formation over
relatively longer timescales of ∼2 Gyrs) or/and to low-level ongoing star foramtion. In addition,
red ETGs with reddest r−[12 µm] colors show strong mid-IR excess due to dust, thus their sSFRs
9This color cut is insensitive to redshift because the r−[12 µm] color is a good proxy of sSFR, and the detection
limit of LIR (i.e., SFR) computed with the 24 µm flux density is quite flat for the mass-limited sample at 0.4 ≤ z ≤
1.05 in this study.
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are similar to normal star-forming galaxies. Therefore, near-UV−optical versus optical−mid-IR
color-color diagram is very efficient for detecting ETGs with recent (within 2 Gyrs) star formation
and breaking the degeneracies between dusty star-forming and quiescent galaxies.
3.2. Specific SFRs of Red Early-type Galaxies
In the local universe, low-level recent star formation of ETGs has been detected through near-
UV excess emission (e.g., Yi et al. 2005; Salim & Rich 2010) and mid-IR excess emission (e.g.,
Bressan et al. 2006; Ko et al. 2013). With an observational result that there is no significant
evolution in the optical CMR out to, at least, z = 1 (e.g., Im et al. 2002; Bell et al. 2004; Willmer
et al. 2006; see also Fig. 4), the evolution of red ETGs with recent star formation can provide
important constraints on the formation models of present-day massive red ETGs. In this section,
we first study the change in specific SFR (sSFR = SFRIR/Mstar) of red ETGs with redshift (Section
3.2.1), and then compute the fraction of red ETGs with mid-IR excess emission in Section 3.2.2.
3.2.1. Stellar Mass Dependence
In the following, we assume that the mid-IR excess emission of red ETGs is dominated by
intermediate-age stars or/and low-level current star formation. We adopt the specific SFR to trace
this excess emission by taking into account an increase in the average SFRs of star-forming galaxies
with redshift in Elbaz et al. (2011). Thus, the sSFR cut of ETGs with mid-IR excess emission also
changes with redshift; we use the sSFR cut used for local ETGs with mid-IR excess emission as a
reference.
In Figure 8, we plot sSFRs of Spitzer 24 µm detected GOODS red ETGs and of WISE 22
µm detected SDSS red ETGs with Mstar > 10
10.5 M⊙ as a function of redshift. We further divide
the galaxy sample into two groups based on their stellar masses; large circles show median values
of each bin. More massive red ETGs (filled circles) certainly have lower sSFRs values at z < 1
10. Rodighiero et al. (2010) and Karim et al. (2011) also found that more massive galaxies have
lower sSFRs in this redshift range, using Herschel PACS far-IR data and stacked 1.4 GHz radio
continuum emission data, respectively.
The blue solid line in Figure 8 is the mean evolutionary trend of IR-selected star-forming
galaxies (i.e. main sequence galaxies, see eq. 13 and Fig. 18 in Elbaz et al. 2011). The blue
dashed line is for separating starburst galaxies from main sequence galaxies (see eq. 14 in Elbaz
et al. 2011). It is interesting to see that the median sSFRs for both mid-IR detected GOODS and
10The limit for sSFR is lower for more massive galaxies than less massive ones, but there are few or no red ETGs
with Mstar > 10
11.2 M⊙ above the sSFR limit (small gray downward arrows in Fig. 8) for the mass-limited sample
(Mstar > 10
10.5 M⊙).
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Fig. 8.— Specific SFR (sSFR = SFRIR/Mstar) vs. redshift for Spitzer 24 µm detected GOODS
and WISE 22 µm detected SDSS red ETGs with Mstar > 10
10.5 M⊙. We divide the sample to
two groups based on their stellar masses: small filled and open circles represent high-mass (Mstar
> 1011.2 M⊙) and low-mass (Mstar < 10
11.2 M⊙) ones, respectively. Large filled and open circles
are median values at each bin and error bars denote standard deviations. Blue solid line is the
mean evolutionary trend of IR-selected star-forming galaxies (i.e. main sequence galaxies, see eq.
13 and Fig. 18 in Elbaz et al. 2011). Blue dashed line is for separating starburst galaxies from
main sequence galaxies (see eq. 14 in Elbaz et al. 2011). The red solid line is an sSFR cut for
separating star-forming galaxies from quiescent ones (see Figure 6 of Ilbert et al. 2010), which is
smaller than the mean evolutionary trend of main-sequence galaxies by a factor of 4 (log sSFR =
−10.7 at z = 0, see Fig. 6 in Ilbert et al. 2010). Red dotted line is an sSFR cut to distinguish
quiescent galaxies from mid-IR excess galaxies (defined by 0.1×sSFRMS ; see also Fig. 15 in Ko et
al. 2012). Small gray downward arrows indicate the detection limit of 24 µm flux density for the
mass-limited sample.
SDSS ETGs with Mstar > 10
9.5 M⊙ are consistent with main sequence galaxies. The red solid
line is a factor of 4 below the main sequence (blue solid line), indicating an sSFR cut (log sSFR =
−10.7 at z ∼ 0) to separate quiescent galaxies from star-forming ones (Gallazzi et al. 2009; Ilbert
et al. 2010; Ko et al. 2012). Small, gray downward arrows indicate the detection limit of Spitzer
24 µm flux density for our mass-limited (Mstar > 10
10.5 M⊙) sample. All of them are below or
around the sSFR cut for quiescent galaxies, indicating that 24 µm undetected galaxies at 0.4 < z
< 1.0 are quiescent systems. Galaxies with mid-IR excess are defined as those with an sSFR > 0.1
× sSFRMS, corresponding to the sSFR cut to select quiescent red-sequence galaxies with mid-IR
excess at z ∼ 0.09 (red dotted line; see Figure 15 of Ko et al. 2012).
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Figure 8 shows that less massive ETGs are more likely to have mid-IR excess emission than
more massive ETGs at z < 1, consistent with previous results for local ETGs (Ko et al. 2009,
2012, 2013); most of more massive red ETGs with Mstar > 10
11.2 M⊙ are in the quiescent mode,
but less massive red ETGs with Mstar < 10
11.2 M⊙ show a wide spread in sSFR. If we take into
account 24 µm undetected galaxies as well, the plot suggests that a significant fraction of them
have mid-IR excess emission. Because of 24 µm flux density upper limit, it is not straightforward
to compute exactly what fraction of red ETGs can be classified as ‘mid-IR excess’ in the sample of
less massive ETGs. With the result for local red ETGs, these results suggest that ‘mid-IR excess’
emission, a good indicator of recent star formation, is not rare for red ETGs at z < 1 (especially
for less massive galaxies). This conclusion is consistent with the result in Ilbert et al. (2010) who
found that massive red ETGs are already in place at z ∼ 1 while the intermediate-mass red ETGs
are still forming at z < 1, leaving a trace of recent star formation.
3.2.2. Fractions of Red Early-type Galaxies with Mid-IR Excess Emission
In Figure 9, we plot the fraction of GOODS red ETGs with mid-IR excess emission (defined
in Fig. 8) in the sample of more massive galaxies with Mstar > 10
11.2M⊙. We use this mass cut so
that all the 24 µm undetected galaxies have smaller sSFRs than the sSFR cut for mid-IR excess.
In other words, 24 µm undetected galaxies are quiescent systems without mid-IR excess emission.
For comparison, we also show the fraction of SDSS red ETGs with mid-IR excess emission in the
sample of massive galaxies using the same mass limit as for GOODS galaxies. We only use the
galaxies at 0.04 < z < 0.06 where the WISE 22 µm detection limit roughly corresponds to SFR
∼1 M⊙yr−1 (see Fig. 5). This limit then ensures that most WISE 22 µm undetected galaxies
in these mass and redshift ranges are quiescent systems without mid-IR excess emission (i.e., log
sSFR . −11, see Fig. 8), similar to GOODS galaxies. Despite the small redshift range, there are
still some WISE 22 µm undetected galaxies with SFR > 1 M⊙yr
−1 (e.g., see Fig. 5 for z ∼ 0.05
galaxies). Therefore, the fraction for SDSS galaxies indicates a lower limit.
Figure 8 shows that the majority of massive red ETGs are in a ‘relatively’ quiescent mode
at z < 1 even though some of them are detected in the mid-IR. This is consistent with previous
results that most massive quiescent galaxies (mainly red ETGs) are created slowly at z < 1 (e.g.,
Borch et al. 2006; Bundy et al. 2006; Arnouts et al. 2007; Ilbert et al. 2010, 2013; Cassata et al.
2011; Kajisawa et al. 2011; Moustakas et al. 2013). For example, Ilbert et al. (2010) showed that
more than 50% of galaxies with Mstar > 10
11M⊙ are quiescent at z < 1. However, Figure 9 shows
that 18-30% of massive red ETGs can be classified as ‘mid-IR excess’ galaxies even though many
of massive red ETGs are in a ‘relatively’ quiescent mode. This suggests that recent star formation
is not negligible even in massive red ETGs at z < 1; note that we conservatively consider that all
massive red ETGs without mid-IR detection at z < 1 have no excess emission.
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Fig. 9.— Fraction of mid-IR excess galaxies among GOODS massive (Mstar > 10
11.2 M⊙) red
ETGs (filled circles). Star symbols represent SDSS massive red ETGs. Upward arrow indicates a
lower limit of the fraction of mid-IR excess galaxies.
4. CONCLUSIONS
We study the mid-IR excess emission of early-type galaxies on the red sequence at z < 1 using
the spectroscopic sample of galaxies in the fields of GOODS. We find that most GOODS ETGs
remain red in the u − r colors, but a significant fraction of them show a wide range of NUV−r
and r−[12 µm] colors; this suggests that the fraction of young and intermediate-age stars in these
massive red ETGs with Mstar > 10
10.5 M⊙ is not negligible. The combination of near-UV and
mid-IR provides not only an efficient tool to detect ETGs with recent star formation, but also to
break the degeneracy between quiescent and dusty star-forming galaxies.
We also find that less massive ETGs are more likely to experience recent star formation or/and
low-level ongoing star formation, consistent with the result of local red ETGs. This result is also
consistent with the previous result that more massive galaxies have lower sSFRs at z < 1 (Rodighiero
et al. 2010; Karim et al. 2011). In other words, more massive galaxies (mainly quiescent, red ETGs)
are already in place at z ∼ 1, but less massive galaxies continuously increase their stellar masses
through several physical processes such as minor mergers (Kaviraj et al. 2009; Ilbert et al. 2010;
Moustakas et al. 2013; Damjanov et al. 2014).
We explore the fraction of mid-IR excess galaxies among massive (Mstar > 10
11.2M⊙) red ETGs
at z < 1. We find that the majority of massive red ETGs are ‘quiescent’ systems. However, more
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than 18% of GOODS galaxies at 0.4 < z < 1.0 still show mid-IR excess emission even though we
consider all the 24 µm undetected galaxies to be quiescent systems without mid-IR excess emission.
These findings suggest that the recent star formation is not rare even among quiescent, red ETGs
at z < 1, if the mid-IR excess emission results mainly from intermediate-age stars or/and low-level
current star formation.
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